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Variable temperature multimode magnetometer
J. J. Winter, F. Rothwarf . H. A. Leupold. and J. 1. Breslin

l~~ .4rm y ~ lertftmscc l..cltnoltwj ünd Device, Laborot ory (FRAD ( Otii) . Fort Monmouih. New J ersey 07703

ikt’ce;~rd 27 December I’~71. in IiniI torn,, 21 February 1973)

A s.iriahk temperature mti gneto nielc r was built for use wiih a superconducting solenoid
in a liquid helium environinenl. Measurements can be made at temperatures ranging from 1.5
to 300 K. Three modes of operation are possible: integrating fluxmeter. ballistic
magnetometer, and variable temperature. The probe permits quick , efficient sample exchange.

INTRODUCTION snugi’, into copper tilting (‘7. This , in turn. t hermally
mates with copper fitting 1)6 which is immersed In the

Over the past few years there has been an
increasing need to extend the operating liquid helium bath. Section C is inserted into sa cuum
spectra of various m i l i t a r y  microwave de— jacket 1). and (‘6 is scaled at the 0-ring fit t ing D l .  Relief
vices to even h i gh e r  frequenc ies , sometime s valves (‘3 and 1)3 are insert ed in the vacuum—He es~
veil into the m i l l i m e t e r - w a v e  range. Re— change gas valve stems (‘2 and 1)2 as a sat et ’. precau-
cent de~i l ~~n c a l c u l a t i o n s  have shown t h a t I ion to vent  g:ises inadve r t en t ly  condensed ;Il l.i~s et
it  this f r e q u e n cy  augnientat f~in is to take
place wi ttiout an object ion. ,bl e  inc rease  of 

it i f lpe I . I tUI ~~5 .

t he weig ht and b u l k  o t  device components . ( ‘hambers 1) . C. and the t ippet par t ol H s~cic ~~~)fl

it voi~iId be necessary to emp loy permanent s tru ct t .~d from 0.2 S-mm wall nonmagnetic steel tuhin?
magnet m a t e r i a l s  with energy produc ts  and of 2.54 . l . YOS . 0.95 25 cm n d . .  respectively. The part of
tempera ture  Ind ependences cons iderab ly  it below the heat sink 136 is constructed ot’ linen Bake-
superior to t hose o f p r e se n t l y  e x i s t i n g
materials . In the course of research i i  

lit e . Thermal grounding of the leads to the heat sink 136
t iated to p r od uce such ma t e r i a l s  the need is accomplished by in t imate contact of thick Formvar-
arose for a versa t i le  var iable  tempera ture  insula ted feedthrough conductors with the channels
magnetom eter.  An ea r l i e r  probe design 1 drilled in 136 and by wrapping about the recessed ends
o f f e red the tempera ture  control  required of the heat sink and the steel tubing.  A Kimwipe
in a awall diameter  con f igu ra t i on . As layer saturated with  GE 703 1 is recommended as a good
pointed out previousl y . 2 however , the cir-
cuitry used wi th  that probe measured the thermally conductive yet electrically insulating bond
slope of the minor hysteresis  loop in te r— between tubing and leads.
secting the magnetization curvo at the
app ited dc field. Thus , the magnetization A

could not . In general , be r e t r i e v e d .
Therefore, another method of measuring mag— ~ _,j!.D4~

’ 90!
‘.111 IInet iza t  ion was required wi th  an a t t endan t  1~J C2~~, ~ ~ Cl 1- ”ii

al tera t ion in the sensing coil configur— ,j

~ 

[ — ~ cs oS’~ ~a tton  and housing. Cs
The requirements for a long sample rod , II4

~

for in—house construct ion , for  avoiding sam— I
pie motion (which can cause flux line distur— I
b~nce in superconductors , etc.)

3 and the p0— $5j I L itential need to sake I—V measurements simul—
4 taneously with magnetization measurements 1,

all contributed to the decision to adapt an
integrating magnetometer rather than a vibra— Cl\.~ : DI
ting sample technique to our probe . DI

I. EXPERIMENTAL DETAILS
A. Construct ion
The apparatus cOnsists of hair concentric tubes. 

~~
A. B. C. and I) ( Fig. I) .  In operation. a long sample
rod A is inserted into section it. 0-rings housed in
cylinder 132 make a vacuum-tight seal with A. Housings sg°~(32 and (34 are sealed to~ether via Marmon flange 83. - .

Section 13 is inserted into C and (35 is sealed at the
I. V~ivi,,hk lenlpe ratli re piøbt . A— sampl e rod : H - - roes ’.

compression 0-ring fitting (‘I. Section B thermally iir emcn is.i ’, ’.euirhI~ - (
‘ isothermal eh srnbcr : 0 - ‘..ieu i i n i i s~kei Sc~

mates with C when conical copper heat sink 136 slides t e s t  tor details

I

_A.._ -
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I h~ ‘ . ,  t i l t  sse ti . i in d con sen i ent  Is t l l ~i s t u , i t e d l i t
SI ..I.’t
.~‘ .‘, I ~ ‘ It ulll’l. .s i ’i i i inel  ~-l.Il eqtiipinent hei  L ’ .. L’l p115- 

—
su l’l. I bit - i ii  s t i  i l l  s S s i C l I I  c t I f l s I l . I i f l t s . th s ’ siiiip le f l itsI — I

h ~~‘ • ..lnpelis ..luoi i fle’. h.iiiisni t ’i Ret t~, ~ t i l , s i s i i i Ig  til tss - t ’S.,.
iii ii It. ii ’. iii i~ ii ,.il s displ.il ’ed alt mg a ~~. ‘ill ifl, in . t t . i s .

.~~. ~S-
~ 

,~~~~ • as ads .iiit - ,l ~ee 117 and 139 ol Fig. I - Uut circuit
t i  t im t h at  iii Ret 6. ho~~~s ci  . in the potentiome-

Ni ~~5 t I  .11 ..it gcflit -f l t  used to ,tchiese fine balance and inH. ~~ , 
~~~ ~~~ I th Ia’. I I hat tail signal is amp lified hch re integrati on.I — li i i  *lt l

- In ftii’. I,,tlei .ispe~ i . in i  c i rcuI t  becomes sini t l a t  to that
.4 Ret.. ~ and l~ - 14 -‘t.s in Ref ’s. 9 and 14. the sign ali i, 7 5, h’.- ,ujl . ~~~~~~~~ ‘I I t,. •i S5i,..I,.., .ht - 

is lii si amplif ied bs .i Keithlev 148 nanti voltineter t.t. hich
.t set ’. l,s’.s di it t i aic t. t It) nV stay and offers a great

8 is a t ippe t h.ilnts..’i t ilt ti ti ~ ii c ii ’. pi’. kup t i t I s  . . t i ~~c u t  , impl it is.it  i. in ss i th hig h input impedance. We are
14’ and ft’J . the th’.rmometct s li,~jit’tI at 13$ .i~~ti H It .insl i, i t u ’i med th u. .  .imp lih cr generates negligthle I I noise’’ on

I
the sam ple (31 ~ which n~’i m all’. m e’sidcs ~ i th in 137 the n iu l l i s  tilt i .inges ss hich ‘.‘.e emp lti~ . As in Ref. II. our
I lousing 134 cont a ins ihe he. ,nets~.sll’. seakd ek~ t, ical In legi .tti .iut is done ‘.s uth an OS \~ atkcu Int egrat Ing
Ict’dthroughs Fhe p itkii p ~o.I intl thcimuk.itipk leads tlusmeter The particular model we used ~~as the MF-IR.

~cre unhroken up to the .mal’. i~ng s-u c w t u  and Whil e .i I (a ll probe can sometimes ’’ be t iseif to good
th~ ~ t i e  ut se l l  ~ as t hoseti bet ,iiis e’ cit I t s  homt.geneit ’. •t I~ a i it . ig s’ Ioi fi~ Id det ect ion.  a balanced coil s’. stefl i Is
A SIMS Il  heater is unI lo l  ml ’. ~ u .ipped aitound the ~oppc I tist ia ll ’. p t e t eu ted i t .  i educe common mode pi obkms ol
chambe r (‘8 and the heater leads brought out throug h a noise and to appr otimalely cancel lhci uii ;il cni ls .  I s
slot in (‘6. Fhus slat st as epitsied over aft er the heater tens ive precautions were taken to avo id thermoelectric
leads were inserted and then machined to permit the et ’l’ects in wiring the coils , as ssas noted abo’.e. The coils
‘.acuum .t ight junction of (‘~~ and Dl .  each contained about ~(X$) tu rns of #48 coppe r ‘.s Ire .

rhe nearly matched 5000-turn pickup coils are 0,63~ Ihes  ‘.sere potted ‘.sith loss - tempe rat u ic  epo x~ to pre-
cm in length and 0.6604 cm m . d . .  in order to fit the vent ‘. ‘.indin g shift s due to both magnetic .insf thermal
0.63~-cm-diam powder-in-epoxy samples closely, and cyc l in g .
the coil separation is 3.81 cm to preclude any influence
of the sample on the empty field detection coil. These C. Thermometry
coils are potted with low temperature epoxy. Emerson & Se’. cial different thermometers are dt’p lo% ed in ~ dii
(‘uming 26~ l MM and catalyst 9. Holes in the coil form ferent surt ’ace grooves . 13$ and 1411 . of the coil form
and support rod permit movement of ’ helium exchange to monitor therm al gradients as sse ll as temperature .
gas thr oughout the chamber. t t ic at isin 138 houses a 68-1!. 0. 1 W . -~llc n - l t tadk ’.

t es ls t ot  for the range I . S -— 20 K. a p la t inum i esu stance
B. SIgnal detection t hermometer ”. for the range 20 - 1(8) K .  and .t tielti

independent capac itance th ermometer 2° for the range
Since the signal detection is virtua lli. the same for all I .~~ — 70 K and ‘~)— 3(X) K,  which is thermall y tied to the

three modes , we limit our discussion to its most complex other thermometers for mutu a l  compari son , l ocation
implementation. The li terature contains several ret- 1311 houses a copper- - ( ‘on stantan 2’ thermocouple for the
erences ’~ ~ to integrating magnetometers of ’ various range 20— 3(8) K and a germanium re si stan c e thermome-

• I ’. pes The basic s’.stem consists of’ a low drift opera- ter 4 b r  the range I .~~ — 1(8) K. We use most ot these
lional amplifier configured for low-leakage integration thern~~meters at zero field onl ’. hut their  field de-
.icRiss a matched pair of’ f lu x sensing coils connected pendence has been discussed h’. Neur inger and Ktih in !~in opposition. l’he coils detect the change in sample (‘he field dependence of the carbon thermometer is
induction If and applied field ii. respective ly, as the field sin~ill , can he readi ly calibrated , and in part redu ced. 51
is s~ ept typ ically at I ‘I m m .  rhe difference between the ~ u~ ieconirncndetl th at all potential thet monietu ~ t e
signals is integrated and displayed at ,%t on the I axis of quirernents he met during initial const ruction ~ hen both
.u recorder while the .~ axis displa ~ s the field amp litude , the ‘.s ui- ing and thermometer placement at s’ sim ple.
The held amplitude is proportional to Ihe current through
the solenoid and in turn to the voltage generated across II. OPERATION
a standard resistor, It can be measured to about 0. l’~ A. Int.grat lng msgn .tom .t ry , va ryIng fI.ld, fixedaccuracy. The coil separation must be great enough t.mp.ratu r.to preclude any influcuice of the sample on the empty
coil while the applied field must be uniform across the As field is swept. the change in magnetization with
two coils throughout the field sweep. The maximum field is integrated and plotted as ,%f vs II (see Sec . I).
sweep rate of about i c  ‘r min is a limitation imposed Signal strength u s calibrated by running a nickel sample
by the superconducting nature of the magnet. It is bel’.i~ of the same size and shape . At each substantially dif-
.cn ’. imposed by the electronics. t’erent temperatur e setting $see Sec I I I ) .  nano’.ollmeter-

__L
-~ _______________________
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f l u xun et c i  sl ii tt i s  i cc  .i~d out and coil ba lance u s i eestah-
tlshed h~ lie lipot adj u stment  sshi l e  sweeping the field,
I-or t h i s  adjustment phase. the sample is csni ’ .enicn t l~
remo sed t ’rom the pickup coil-solenoid region h~ ss u t h
draw al of ’ sample rod A.

ii,

B. Integrating magnetometry, varyIng temperature, -

fi xed field T I

[his mode can he used to stu ds the t emp era tu re  ‘~~

dependence of the magnetuia ti sin at fix ed fields. Our
interests included elucidating such behav ior for supe r
conduc ting materials , I in phase t r a ns i t i on  regions .
and for rate  earth— cobalt materia ls under saturation ni
zero field conditions Thus mode require s determinat ion I

of the ini t ia l  magnetization h~ one of the other modes . 
7 I l I t . .  I ii ii

most cons en ue nt lv  the ballis ti c mode The range of l it . S t’hc ~ool sio~ n ~~~~ , ,t the espeuimen t al  eiiamht ’u . 1 5 . ha

• te mperature that  could he swept per integr at ion would ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ es~~ ii~hed . ,.nd th e ~~‘ . u u m
b~ limit ed hs the nece ssut \  for mainta ining quasist ati c ehanihe r ~~as sealed before and is-uniuned so mhr tut ,gh *.uut ~,.,.i d,.sn
equil ibrium. Thu s range would depend on the signal S üt~ c S I s  eutc ’ .u.sel~ .u ‘ .ontI nu , iui . ’II  ~‘t i i ,  te Ii hu t  th e

• . hj mbs’r s .,Is C %S,us opencd t~ .u difl ui sion pu mp pie S S U I  e .11 I (I I u.n
strength. the thermal  con ductu s i tv  and the specihc .ii t he h mark , th en he l ium gas .5., ’ un ~ceteti tnt ,.  m Isc l in t ’ .ut the
heat of the samp le. ‘l’he change of magnet izat i on is meas- 4~ mark .unsl reevacunued immcst , .,leis
ured as in Sec . I H.

of about 10 ~ Torr in Chamber 1). the equil ibriumC. BallistIc magnetometry temperature of the experimental  space w i t h i n  coppe r
This mode us used to measure sample magnetization (‘hamber (.‘8 is about 25 K. We exercise temperature

at fixed fields. The signal is generated by abrupt sample control of the experimental  space ts~ ‘.ar~ ing the
i ‘n iosal iu’om the p ickup coil and detected as above, amount of exchange gas in Chamber 1) and current  in
Since the coil sensing field-change generates no si gnal . the heater wrapped uniforml y around ( ‘hamhei ( ‘8 .
coi l h .uI.s n c i ng is unneces sa ty  in th i s  mode. l’he K cith l ey [he ut i l i za t i on  of the ther ni ometet ’s described in Sec
‘.oltmete i ’ scale us u sua l ly  monitored during th is  opera- i (‘ in achieving temperatur e control St -ill no’.’. he dis’
tion to preclude amp lifier satuu’ at issn. Calibration is as cussed. The Allen—Bradley resistor in location 138 of Fig.
in Sec . II  A. I and the germanium thermometer in 1311 can he moni-

The ball i st ic mode complements the integration m ode tored to sletermin e temperatures . wh ich  are then com-
in various s t ay s . For examp le. it may he used to ascer- pared to examine thermal gradients for temperature s
ta m the state sit’ magnetization of ’ a sample wi thout  below 20 K. The copper— (’ on stant an thermocoup le
magn et icall ~ altering that st ate .  In addition , high-field and plat inum thermometer are monitored for the scm-

• magnetometry w i t h  our Nh~Sn magnet is l imited to thus reratuir i’ range of 20—3(81 K ansI the gradients ,st tem
fixed field measurement due to the relative ly long cycling perature differences evaluated. The germanium ther -
times required tsi pr event f l u x  j u m p ing at these fields. mometer is usefu l up to 1(8) K and is pre ferred o% e’u
Martin and Benz ”~

9 also emp loy a ballistic technique the thermocoup le at the lower temperatures. The resis
wi th  a hig h-fiel d Nh 1Sn solenoid. Such b all ist ic meas- t iv e  devices are measured us ing a constant current sup-
uremen is ,,titI conventional h~ steresigraph measure- ply and digit a l voltmeter s’. ith a resolution of about 0. I
ments on s.itur ated samples were made in their  study of ~ V . (‘urrent s of 10 ~z A sir less are generally required to

4 demagneti zation properties of long cy l indr ical  cobalt — avoid heating. Magneti zation uneasur ement s are not per-
rare earth magnets . formed until  the temperature is su fficient ls stabilized.

The app lication of field affects the accuracy of the
0. T.mp.ratu re contr ol above thermometers and with  the exception of the

In our large . slow-c~ cling . superconducting magnet Allen-Brad ley resistor they can be monitoresi only he-
facility , the probe resides in a chamber that is vacu u m fore and after field excursions. The capacitance ther-
isolated from the helium bath of the magnet. Thus mometer is field independent and is monitored with a
temper ature control is re la t ive l y  easy . In our smaller Genera l Radio 1615A capacitance bridge when required.
faster cycling sy stem, the probe resides in the helium bath It is most convenient l y emp loyed as a null detector to
of the magnet and our remarks are directed at this indicate litt le sir no change in temperature  dui ’ing a
sy st em. ‘ field excursion.

The ctl ni call% mating coppe r heat sinks (36. (‘7 , and 1)6 Figure 3 i l lustrates how cool-down sa t u e s  as a t u n e -
leak heat to the bath and tend to cool the system while tion ot ’ the s acuum pressui’e in (‘hamheu I). ( u i ’ .  es A
shunt ing awa ~ heat conducted down h~ the leads anti and H wei-e obtained h~ pulling sacuuumns .d I f )  

I

probe s t ru c t r Iue  from room temperature.  With a vacuum 10 Torr . respecti s ely , ‘.a l’. ins sill’ the sa c t i t un i  s’. stem ~



liquid hel ium bath.  [heti we .ippl~ ,u n ul ’ .  Ci  pi esst ir e of

• ~
, 

I helium gas at ( ‘2 to  reduce aim i n t ake  ai ori l i ce H I  when

~ 
A is lull ’. u ellis.’. ed t ui r  sample change . B I is then jilt igged

/ / w hilt ’ t he s .minp fe hui fde i is m eplace sf I tis’ s .ui iip les ;it s’

1 i i r / / 
• glued to threaded sample holslei’s w i t h ( d -  70) 1 kosi A us

,, ,~ / reinserted under th e same os empi e ssu ic  u t  hel ium gas
- — - t — —  ~~~~

— then (‘hamht’r ( ‘ us esa cu ot ed ,  purgesl with helit im gas .

/ / -, / J and ree sacuated.

/ / J I !
.1 ~ III. MEASUREMENT AND ANALYSIS

• 
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/ L i -_____________- 

— • ~u xu n lu m s~ n si tm ’ .  u t y  is a t tained w i t h  samples th a t  hi

“ 
t he p~ckup coil closely and hos e a hi gh densi t y  of’ act i se

M I d  mat er i a l .  All oui samp les met at least one of these
cri teria.

l i t .  4 Kaa niitgn etuzai.on dat., iak cn .0 d i t t e icn t  ien ipc i . u I u i , ’s - i I . - . . ‘ -

I t f l  ii S i$-~ ns s t i is~~s of nickel ..ikt Sm( . . , u s i n g  the ntegu.ut.o n ‘. in rutal  samples ~omposed sit ‘.1 suspension sit

i1~l,I ns,sI~ 
Sm ? ( ‘oFe Mn ) , allo y - in epox y St etc designed ‘.‘. it h a
st i on iet ci of 0 h27 ~s ,i . 11w i.sl . sit the  pie ku i j s  ~u u i l s  us 0.~~.

a nil I hen low-cuing the magnet omet ci assembl y intt ’ t he t’ iii A It li suti g li .u so iiiple Ic mi gI Ii ul 0 w t u t i  lsl Ii. is C . i j s i i  4
liquid helium bath. ( ui s e (‘ is  ef fec t ive l y  a cOfi t i t i l i .u  nimied detection a length sit Si w .u s  chosen i i i  meet the
tio n t i f ’ Curse H. const r a in ts  sul anothet sy s t e m .  l’he resu l t s  ,il measure

If integrating f lux met er  measurements arc to be made ment s  sin these samples w i l l  he puhl i sl ie sl else’.’. here .
on .t single sample at different temperature s . the cool- I hese sample runs , in general. iequuresl cycle tim es sit
down rote sit Curv e H is slow enough to introduce no twen ty  minu tes  to a t ta in  tields of ’ ‘ 8~ kG. Practical
detectable error in the t y p ical hysteresis loop. In this resolution wa s limited by dr u t ’t to about 10 U . Scale

regard a brief analysis  ot’ ~ ti . the error in magneti za- factors of ’ I mV on the nanos oltmete i an sI 50.tX? ~ 10’
• t ion resulting from the thermal drift is worth csin- on the fiti~ meter produced disp lacement m ~u t u t i s  01 about

sisleration. ~ mm/G on the recorder. Thus a usual resolution of
about I 6 is possible. This u s about I 10 the drit ’t si n-

~ ti ~—~— -f-— th. cert a in ~v .  Improved re solutis in depends onl y  sin
dT di reducing the drift rate.

wher e  d.%IfdT is the m a te  of change of n~tgtl et i la t is i t i  Solid Sm( ‘ii. . esihes of ~itiI ’ .  0 . ~2 em sin .u side wer e

w i t h  temperature, tITj uIi is the rate sit ’ change sit t emp em •
~~~ 

also measured. I ” i gu i e  4 i l lus t r a te s  ~iu i  ‘.~~-s t i ls tam netf

lure ss it h t im e.  and i , us the  t im e required to trace a trs u n i  t lit st cubes at dit ’kueni tcunpei ’a t uu  ‘‘. I he I s’stilt s

loop. 1 (1 —2 (1 nun ,  Figure 4 illustr ates the t~’pica l change from a nicke l cube are .ils . tlus I~l .i\ e~i t u t u  compari son

in n iagneti z atisin. for Srn(’o5 rs iugh l ’. RY’ . tor tempera- I he scale factors  employed fs iu  these u l Ie . i s u ieme nts

lure changes from 273 to 77 K. Approximating .Ml~.I1 were 3 mV on the nan ovo ltm eter  ansi 50 (8) \ 10’

then by ( -tI, 10) 200 K, where ti , is the saturation mag- on the f lux met eu~
netizatitin. and estimating i l l / S i  at 273 K. from curve B IXm agneti za tu sm effects of ns snet l iptuc al  specimens

sit Fig. ) . tss be 6 K’L~ mm and assu m ing a period . lg .  tss 
can he comrile~ and must in general be iesolsed. ?s

be I )  mm we obtain ~ ,ti — 0.003 11,. ‘rhus .~ tI is well  When the princip al aim us determination sit the anissit

below the resolution of the M— ii curves shssw-n in Fi g. 4 ropy field sit a cy l inder .  on aly si ’. is simplified . Ani sot-

If’ room temperature measurements are to he made sin rop~ is determined by applying an axi al  fieltt sin cy l indri

a numbe r of samples. stabilization becomes necessary . cal samples w hose cry stal l i t e s are ali gned w i t h  their

The temperature can he stabilized at 300 K by applica- easy ax is in the direction of ’ a diameter. [he applied

tr sm iii about 1 W of power when a pressure of 10 a ‘l’srr held at which  i~atura t ion occurs is then the suni ot ’

h~ s been established in the vacuum chamber before the an isoti opy field and the dema gneti , ,i t ion field in a

salving sill’ and before submersion in liquid hel ium , particle at the center of the cyl indem’ because the centei

Measurements made at 4 . 2 K require helium exchange us w here the total h eld is sm allest and hence the last

gas in Chambers D and (‘. Typically we use about 10 part of the sample to saturate. ‘l ’hus to determine H,

cm3 al iquots of helium gas at 3(8) K and ISO Torr in 
one need only find the field in a particle at the center of

(‘hambers D and C. which each have volumes sit about an axially saturated cylinder in an applied field H,~°.

300 cm 3. to equilibrate the probe temperature with H~ is then given by
that of the helium bath. H , H,” — H,~’ + H,~’ 

- - 11,,”, ( I )

E. Sample ch.ng. where He”. H,.~, and H,,” are demagnctiiation fields
ansing from magnetic poles located, respectively on

To remove sample rod A. (‘hambe r D must be evacu- the ends of the cylinder, on the epoxy side of ’ 
the

atrd t o more effectively isolate ( hamber C from the boundary between the particle and the epsssv, and on the

4
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part icle side sit the ep ox % —part ic le  boundar y . ll ,~’ us  It ttres his., . M .  ~ ~c IIcu i . .uui d J K ( otsis . J A pp t l’tiss 42. 5)1

given by the fa m i l i a r  expression t s u i  the field hahf ’w as l~) I i  
- -- ° I I Pui~~ner . J Ii M cki n nu in . ,,nut I J Her. I l i ’ c i u u u n  I iu ~alsing the .txu s u t  t w o  equahl ~ and unif s i r ml y ’  hut up— 42, ~psisit ely charged c i r cmula i  laminae. ‘e l)  h). u’. . A (. .ulc - m d I) Jo.uqui n . I c ih  Rpi ii i Soc I - ~I-M 1,- FR I

I~~i p .1’

11 = 477’ S t i f f  I — ( ‘1) (. S I-Ui’t.tdut . u. i~ og ent i  s l.~, i~ ~I ‘ — 
~ ( II l t.i .uk .,n ,i u i  .iI I AppI i ’luss .4. I I ”$ l~ 6~ u

where .5 is the r at i o of psissder Its sampl~ s olume. r is the ~ 
~~. ~laii~ II~ .mt ~ 1 I  ~So.ui

;
1u . Ke’. 

.~~~. ~~ .fl) 
37 . ‘.4K I

sample diame ter to length r at i o . and ti . us t he sat urat ion K S~ )iol cs I l l - i I t an s  \I.ig %R(;.o. :s~ l ’ri ))
magnct i/at lon . If t ine assumes an as erage spherical I he .irr a flgemeni sic u s e  p e in tuus po tenuuu.meu , , s  ~u iiI  b alancing

— . is t ihou i i  mciii  i t u g  i i i  t i n t  floss u h i suu ig h one ~ii th e pis’k u ip , . i ls  .utis l
shape for  t h ~ powder particl es . u h ~ u t th i I.u i~~ d c m l . / i d !  u/ti . i s h u c h  uesu ilts . As t n t , ’ shisis s

t his Is - in ge net u I  . not .1 set mu tt ’.  problem and I t s  i i i  ee ls  ~ .t n hi’
• - 4ir .S ti , 3 I ~ ) calculated .unsl ,educe d, perhaps 10 negligible pu op orimon s Some

t t ’se.u t s h i ’is 0 .n tu id th e  pt u shl s’m is’. matching the  sen siuts  t i e s  iii

• / I ,/ ’ - 4ir ti , 4 )  the i t  isis themsel u s ’s i.t.t h .s i t’ u~t t I !  i’s i epcaicd tes t ing  .und
icisin st ing

• Subst i tu t ing  I qs t 2 —  (4 1  in ( I )  then ielsl s e at e  mold is’. the  ds’ siguus ’. u t  the Kei ihk ’.  145 n.unsuiolt tns ’ic ’u
t hat i hi’ t ut u s si gn t iuc . u nl  I I not si generated i s  that  due io I he

H~ I!~’’ 4 ~
‘ .5 tI  -~ I i “ i 1~ ,J 

(5)  letist s .unsl cuu nn es  l i i i ’.  ins4 t i t u s  u s t .uk en 0111 Is’. th e  chopp e r Cii i  Uti
in the  Ii  us t O end sc hi~ h .is~i ,uis ’ s ii ‘14 I t ,  lIe tusser i s i h~.t I / , -

For hs msigenessus magnetic samp les . terms i I and ~4) noise sh .suilsl be iii no c , ’ni u’i ii ‘.11 t i c i i I.ui I ’. at t h ~ sc.u le ‘.e ’nssi i s t i es
— sit ’ s’ntp lu ’~ . i - -  i i )  ~~‘ I igii e~ i i i  his  tu ’pui i i on .in uil i rui s~’t s s u ius  s

do not ex i s t  antI I ~ I red uc Cs I 0 intug net oniet er  li i i  nse. us uuie ms-n t  ot t h i n  magnet i~ ii ms ’ .uutt  sun s l i i i ’

— ~~ 
re’ade u .ut si ,ut general ing 1 i tu  use in .in .intplihc i sl ‘u.s I s -  t i ’ .  c

I I , li~ 4rr .5 tI  
‘~ 

I 1 I ‘ - j  nt egr uit  ion I u. i t tubt ’ ui inp lilis ’t ‘. i i i  r est ui t i f lue nit ’. I h.ut t he
pie k ui p  cot Is has e i hi’ m.u si n tu um ni t  mlx’i ot Itt In s possu bk io

I he re sult s from .u Sm_ I ( O ~ ., l~e, , ) , pow d e r — in ~ep sixv ssi amp si t u th ~ I I noise l’he nanos oltn ietc ’i  Ste u sed is
cy linder of diameter 0.426 cm and length 0,42 cm are pu i ch .u sest  in I%~ ;utsst ice u i n de i s lu und  it does not base ihe I I  I

- 
- inp u l used in the I.uus ’i models . 1 h~ hr st  t s ius  .tm p t i her st .uges .ui e

considered as an examp le. The app lied field at satura- iiulse amp lif iers  t h e  p ickup so i l s  ice employed stere mtusumt ,ed
ti on was measured to he $5. 6 kG and the correction ‘.‘.as s4 0lutfl slu r oierafl sssk’rn csinsuuonzs  and COnhtlifl ~i~)() lU(f l’.

e ski not in fact sic the I i i  ge skis’. s~~rt uc~ul disp laccms’nt iiicalculated to he 5. I kG~ thus  the anu sotr opy held is uti e M — It patt ern on the A I recorder that  ()guiey predicts
determined to be $0. ~ kG. wi th  d~r cisip s t i th  itul eg raluon ot ’ si gnif icant  I I noise The readcr

should consult  Ogtue~ fo r furth er discussion ist ’ I noisc and i t s
re ducij uin .
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